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COMPARISON OF THREE LARVAL FISH SAMPLING GEARS AND 
IMPLICATIONS FOR MONITORING INVASIVE BIGHEAD ED CARP 
REPRODUCTION 
ABSTRACT 
Larval fish represent a critical stage in the life history of fish and their survival is 
essential to sustain adult fish populations. Ichthyoplankton studies rarely evaluate the 
performance of sampling gears and subsequent effects on study implications. I sought to 
evaluate the performance of three gears in sampling riverine larval fish communities and 
monitoring reproduction of invasive bigheaded carp (Hypophthalmichthys spp.; BHC). I 
sampled larval fish communities in large-river tributaries using multiple sampling gears 
including active push nets, passive drift nets and passive light traps. I analyzed trends in 
larval fish abundance, assemblage structure, mean standard length, and developmental 
stage between gears and over time. Total CPUE was similar between net types, whereas 
light trap CPUE showed a unique pattern. Bigheaded carp CPUE was similar between net 
types until late in the season, whereas light traps sampled very few. Although similar 
assemblages were sampled between net types, light traps were dominated by native 
cyprinids. Significant differences in mean standard length existed for five taxa and BHC 
developmental stages varied among gear types. Push nets were the most effective gear for 
monitoring reproduction in large river tributaries in terms of total abundance, community 
assemblage, size, and developmental stages sampled. Nevertheless, I demonstrated the 
complementary advantages of a multi-gear design in sampling larval fish communities 
rather than one gear alone. Information of larval sampling gear performance in riverine 
habitats can be used in deciding the best methods for achieving specific study objectives. 
1 
INTRODUCTION 
Larval fish represent a critical stage in the life history of fishes, and their survival 
and recruitment are essential for the sustainability of adult fish populations (Anderson 
1 988). Documenting larval fish production, abundance, and distribution are important 
tools in fisheries research, and can be used to predict year class strength of future cohorts 
(Sammons and Bettoli 1 998) Larval fish are difficult to sample effectively due to their 
heterogeneous distribution through space and time (Pritt et al. 2014). Fish sampling in 
general is affected by a myriad of factors, and larval fish sampling is influenced even 
more so because early life stages are completely vulnerable to stochasticity in aquatic 
environments (Miller et al. 1988, Mion et al. 1 998, Claramunt and Wahl 2000, 
Humphries and Lake 2000). These influences ultimately drive the results and subsequent 
conclusions of a particular study, thus careful examination of sampling gear performance 
at the onset of an ichthyoplankton study is imperative. 
Larval fish sampling gears are influenced by a number of biotic factors, often 
related to reproductive strategies among taxa. Life history strategies of fishes vary across 
taxa and determine the abundance, distribution, and size of fish eggs and larvae within 
aquatic systems (Winemiller and Rose 1 992). For example, centrarchid sunfishes guard a 
relatively small number of offspring in nests, whereas Gizzard Shad broadcast eggs 
across a range of habitats (Bain and Helfrich 1983, Aday et al. 2007). In large riverine 
systems, many fish species drift during <lt:velopment, in which fish eggs and larvae are 
suspended by currents and transported downstream (Robinson et al. 1 998, Dudley and 
Platania 2007). For example, broadcast spawning fishes form large aggregations in open 
water, release their gametes at the surface where they are fertilized and dispersed (Dudley 
2 
and Platania 2007). Variation in life history strategies results in taxon-specific 
vulnerability to different capture techniques, causing variation in assemblages detected 
between gear types (Humphries et al. 2002, Niles and Hartman 2007, Lloyd and Neal 
201 5). 
Abiotic effects on gear performance should be considered when sampling larval 
fishes as well. One important consideration is how sampling gears will perform within 
the physical structure of a particular habitats. In structurally complex habitats, smaller 
passive gears (e.g. light traps, activity traps) often out-perform larger active gears, such 
as push and tow nets (Niles and Hartman 2007, Paradis et al. 2008). Mesh size of nets 
directly influences performance with larger mesh being less prone to clogging with 
organic matter, but less efficient in collecting early life stages such as eggs and yolk-sac 
larvae (Brown and Coon 1 994). Additionally, turbidity (Reeves and Galat 2010), stream 
velocity (Gallagher and Conner I 983), time of day (Gale and Mohr 1978), and water 
depth (Bowles et al. 1 978) can influence larval fish abundance and gear performance. 
Identifying biotic and abiotic influences in gear performance is critical in studies 
attempting to describe fish reproduction through ichthyoplankton sampling. 
Although larval fish sampling is influenced by numerous factors, few studies have 
compared the performance of multiple gears simultaneously. Furthermore, direct 
comparison of active (moving while sampling) and passive gears (stationary while 
sampling) has not been conducted extensively. Many comparative studies have 
incorporated a limited number of gear types, often operated in spatially separate habitats, 
or at different times of day (Floyd et al. 1 984, Scheidegger and Bain 1 995, 
DeGrandchamp et al. 2007, Nannini et al. 2012). Actively pushed or towed nets are 
3 
effective in sampling drifting eggs and larvae, frequently outperforming passive gears 
such as light traps and drift nets in terms of total abundance (Gallagher and Conner 1983, 
Lloyd and Neal 2015). Comparison of the taxonomic composition of ichthyoplankton 
sampled by various gear types is lacking in scientific literature. For example, light have 
sampled diverse communities of fishes in small streams and rivers (Floyd et al. 1984, 
Niles and Hartman 2007), but simultaneous comparison to active and passive nets has not 
been investigated in-depth. Nonetheless, active nets have been effective at community 
sampling in both lentic (Claramunt and Wahl 2005), and riverine habitats (Nannini et al. 
2012). Comparison of passive drift net community sampling effectiveness to other gears 
is limited and conflicting among studies (Floyd et al. 1984, Marchetti and Moyle 2000). 
Differences in larval size and developmental stages differs by sampling gears as well. 
Active nets are able to sample larger more-developed larvae than passive drift nets, while 
light traps often select for well-developed, free-swimming fishes that exhibit phototaxis 
(Bowles et al. 1978, Floyd et al. 1984a, Claramunt et al. 2005, Paradis et al. 2008). 
Comparison of larval sampling gear performance in the same place and time, especially 
between both passive and active gears, will provide valuable information for current and 
future studies investigating fish reproduction. 
I sought to evaluate the performance of three gears (active push nets, passive drift 
nets, passive light traps) in sampling drifting larval fishes in large river tributaries in 
terms of abundance, community assemblage, taxon-specific size structure, and 
developmental stage in six large river tributaries. Additionally, I wanted to use this 
information to assess implications of the results in monitoring the reproduction of 
bigheaded carp (BHC) (Hypophthalmichthys spp. ), a group of invasive fishes threatening 
4 
range expansion into the Great Lakes. I expected that push nets would sample larval fish 
in greatest abundance, because active gears typically reduce gear avoidance of free­
swimming larvae, but still capture passively drifting larvae. I hypothesized push and drift 
nets would sample similar assemblages of larval fish because both rely on filtering fish 
out of the water column, and light traps would have a significantly different assemblage 
because of their unique capture method. Similarly, I expected light traps to capture larger 
larvae because of their reliance on more advanced free-swimming fishes to enter the 
device to be captured. I anticipated push nets to sample larger sizes of larval fish than 
drift nets because the active capture method would reduce gear avoidance by larger, more 
mobile individuals. Information of larval gear efficiency in capturing BHC is somewhat 
lacking, however I expected gear performance in capturing BHC would be similar to that 
of overall larval capture in terms of abundance, developmental stage, and larval size. 
METHODS 
Study Area 
Three tributaries of the Illinois River (Mackinaw, Spoon, and Sangamon Rivers) 
and three tributaries of the Wabash River (Vermilion, Embarras, and Little Wabash 
Rivers) were sampled bi-weekly from March through September of2016 for a total of 1 3  
sampling periods for each river (Figure 1.1 ). Each tributary was sampled at one site 
located in the lower three kilometers of its length, with the exact location adjusted each 
sampling period to ensure no hydrological influence of adjacent main-stem rivers and that 
larval fish sampled were of tributary origin. 
lchthyoplankton Sampling 
Larval fish were collected using three sampling gears at each site during all 
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sampling periods. A conical ichthyoplankton net (0.5m diameter x 3m length, 500µm 
mesh, Wildlife Supply Company, Yulee, FL) mounted on the bow of a boat was pushed 
in an upstream direction for a period of five minutes (Claramunt et al. 2005), with one 
transect near each shoreline and one in the center of the channel. Boat velocity was 
adjusted to account for variation in stream velocity to filter a target volume of 50 cubic 
meters of water, estimated with a mechanical flow meter mounted in the mouth of the net 
(model 2030 R, General Oceanics, Inc., Miami FL). Rectangular-mouthed passive stream 
drift nets (0.45m width x 0.25m height x 1 m length, 500µm mesh, Aquatic Research 
Instruments, Hope, ID) were anchored in the streambed and held afloat just below the 
water surface with buoys attached to the top two corners of the net frame. Similar to the 
push nets, one net was deployed in each cross-sectional third of the river channel and the 
duration of sample collection was adjusted for water flow and debris accumulation in the 
nets (14 - 89 min). Total sample duration (seconds), and stream velocity (mis) at the 
mouth of the net was recorded for each drift net deployment. Two polycarbonate 
quatrefoil light traps (0.30m diameter x 0.25m height, 0.5cm entry slits, 500µm mesh 
basin, Aquatic Research Instruments, Hope, ID) were deployed in channel margins and 
slack-water and left to sample overnight ( 12-31 hrs). Green chemical light sticks 
(Cyalume Technologies SAS, Aix-en-Provence, France) were used in light traps to attract 
larval fishes. 
Laboratory Technique:; 
Larval fish were preserved in 95% ethanol and brought back to the laboratory 
where they were sorted from detritus in the sample. Larval fish were identified to the 
family level using meristic and morphometric characteristics described in published 
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identification keys (Auer 1982, Chapman 2006). Cyprinids with characteristics similar to 
BHC were further identified to genus and assigned to one of three developmental stages 
including yolk sac larvae (stages 31-36), gas bladder emergent larvae (stages 38-40), and 
late stage larvae ( 45-4 7) in accordance with guidelines from Chapman et al. 2006. A 
random subsample of up to five fish per sample were photographed under a dissecting 
microscope and measured to standard length (0.01 mm). (ImageJ, Image Processing and 
Analysis in Java). Standard length was taken to correct for variation in fin fold size and 
preservation quality among samples. 
Statistical Analysis 
Catch per unit effort (CPUE) for push nets and drift nets was calculated as fish 
per cubic meter of water filtered (fish/m3). Water volume filtered for push nets was 
estimated by mechanical flow meters, and for drift nets was calculated as the cross­
sectional area of the net mouth, multiplied by the flow velocity, and the total number of 
seconds in which the net was deployed. CPUE of light traps was standardized as number 
of fish captured per hour of sampling time (fish/hour). To examine trends in abundance 
by gear type through time, total mean CPUE was calculated for each sample period and 
gear type. Bigheaded carp CPUE was aggregated similarly to examine temporal trends 
between gear types. 
Non-metric multidimensional (NMDS) scaling was used to examine variation in 
community assemblage by gear type and sampling month using relative abundance of 
each taxon (metaMDS, package Vegan, R version 3.2.3). Non-metric multidimensional 
scaling is an ordination technique commonly used in community ecology to assess 
differences in community assemblages across ordination axes (Minchin 1987). Distances 
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between points in an NMDS plot indicate similarity between assemblages, with more 
similar assemblages being located closer together. Average site score for each axis(± 
standard error) was used to show differences among gear types over time. Differences in 
community assemblage by gear type, sampling month, and their interaction were tested 
for statistical significance using Permutational Multivariate Analysis of Variance 
(PERMANOVA) (Adonis, package Vegan, R version 3.2.3). 
One-way Analysis of Variance (ANOVA) models were used to test the effect of 
gear type on log-transformed standard length within each taxon of larval fish in samples. 
Taxa with at least 20 individuals from measured subsamples per gear type were included 
in ANOV A models. Tukey HSD post-hoc tests with adjusted p-values for multiple 
comparisons were used to further examine between gear differences. Alpha levels of 0.05 
were used to determine significant differenc.es in the ANOV A models. A two-way 
ANOVA was used to assess effects of gear type, developmental stage, and their 
interaction on log-transformed total abundance of BHC collected. Total abundance per 
sample was log-transformed to meet assumptions of normality. 
RESULTS 
A total of 6,586 larval fish was collected representing nine families and three 
genera of exotic carps (Table 1.1 ). Total count of larval fish collected was 2,518 for push 
nets, 966 for drift nets, and 3, 102 for light traps (Table 1.1 ). Push net catch was 
dominated by BHC and catostomids, drift nets by catostomids and clupeids, and light 
traps by native cyprinids (Table 1.1). A total of 1,178 BHC was collected with the 
greatest number in push nets (N = 1077), followed by drift nets (N = 99), and lowest in 
light traps (N = 2; Table 1.1 ). Due to the low sample size of BHC in light trap samples, 
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these data are excluded from additional analyses. 
Total mean CPUE (fish/m3 or fish/hr± SE) was 0.20 ± 0.06 for push nets, 0.031 ± 
0.01 for drift nets, and 1.09 ± 0.37 for light traps. Catch per unit effort of net types 
initially peaked in late April, gradually decreased from May through early August, and 
had final peaks late August and early September for drift nets and push nets, respectively 
(Figure 1.2). Light trap CPUE was relatively low from March through May, until 
reaching a maximum during early June, and gradually decreasing throughout the rest of 
the season until it's minimum near zero in late September (Figure 1.2). Bigheaded carp 
CPUE was at or near zero from March through June, followed by peaks among gear types 
in early July, with final peaks in late August and early September for drift nets and push 
nets, respectively (Figure 1.3). 
A distinct pattern of community assemblage transition between gear types 
throughout the course of the study is shown in the NMDS analysis (Figure 1.4). All three 
gears showed similarity in assemblage for the first two months of sampling, with high 
relative abundance of catostomids. Beginning in June, light trap assemblages diverged to 
be dominated by native cyprinids and stayed there for the remainder of the study. Push 
net and drift net assemblages continued to follow a similar trend to each other from June 
through August, shifting to higher abundances of clupeids, moronids, and centrarchids. In 
September push net assemblage diverged to be dominated by exotic carps (BHC and 
Grass Carp), whereas drift nets had zero catch, and are absent from the NMDS plot. 
Significant effects of both gear type (F2,214 =11.33, R2 =0.08, P < 0.001), sampling month 
(F6.214=4.60, R2 =0.09, P < 0.001), and their interaction (F10.i14=3.88, R2=0.14, P 
<0.001) on larval assemblages were found in PERMANOVA models (Table 1.2). 
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Five out of eight taxa including Catostomidae, Centrarchidae, Cyprinidae, BHC, 
and Moronidae, had significant differences in mean standard length between gear types 
(Table 1.3; Figure 1.5). Tukey's HSD post-hoc tests showed Catostomidae had greater 
mean length in push nets and drift nets versus light traps, Centrarchidae and Cyprinidae 
had greater mean lengths in light traps compared to net types, and BHC and Moronidae 
had greater mean lengths in push nets versus drift nets. Mean standard lengths of 
Common Carp, Clupeidae, and Percidae were statistically similar between gear types. 
Similar to standard length comparison, ANOV A results showed significant effects of 
both gear type and developmental stage on BHC larval abundance with greater 
abundance of late-stages in push net samples (Table 1.4; Figure 1.5). 
DISCUSSION 
We found different patterns in total catch and overall CPUE between gear types 
through time that have important implications for sampling drifting ichthyoplankton in 
riverine systems. Light traps had the greatest overall catch, followed by push nets, and 
drift nets. However, push nets were most effective in sampling BHC whereas drift nets 
caught these species in lower abundance throughout most sampling periods. Light traps 
were ineffective in sampling BHC in these study systems, even though they exhibit a 
phototactic response (George and Chapman 2015), and have been sampled with this gear 
in lentic habitats (C. Hayer, USFWS, personal communication). Catch per unit effort of 
net types showed distinct peaks in abundance early on, whereas light trap abundance was 
more normally distributed through time (Niles and Hartman 2007). Bigheaded carp 
CPUE among net types reflected that of overall CPUE with large peaks in relatively few 
samples, likely a result of the synchronous spawning pattern of this species (Schrank et 
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al. 2001, DeGrandchamp et al. 2007). The last peak in BHC CPUE in push nets in 
September was in contrast to the common pattern between the net types in previous time 
periods, suggesting vulnerability to gears differed late in the season. The observed 
temporal differences in larval CPUE suggest capture susceptibility varied by gear type, 
perhaps between taxonomic groups or developmental stages. 
Assemblages of larval fish captured varied among gear types over time and 
offered insight into the temporal trends in overall abundance. Sampling period 
significantly affected larval assemblages, likely a result of reproduction of different taxa 
through time. Assemblages also differed between gear types, suggesting taxonomic 
differences in susceptibility to gears when deployed in the same place and time. The two 
net types collected similar assemblages initially, following a sequence of appearance of 
various families (Percidae7 Catostomidae7 Cyprinidae7 Centrarchidae) typical in 
riverine systems (Floyd et al. 1984, Boehler and Baker 2013). Both net types were 
effective tools in monitoring the majority of taxa which undergo drift in riverine systems. 
However, ordination showed the two net assemblages diverged in September with the 
capture of exotic carps in push nets, once again suggesting gear susceptibility of these 
species becomes more variable late in the season. 
In contrast to net types, light trap assemblages were dominated by native 
cyprinids for the majority of sampling periods, suggesting this gear is ineffective at 
monitoring reproduction of the overall riverine larval fish community. However, light 
traps do have utility for investigating the abundance of young-of-year cyprinids or to 
sample other types of aquatic systems. Larval fish studies in reservoir systems have found 
light traps to be more effective in community sampling than active nets (Lloyd and Neal 
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2015), likely due to water current and turbidity influencing larval fish less in lentic 
habitats. My results demonstrated the complementary advantages of a muJti-gear design 
to more completely sample larval fish communities than one gear alone. 
To better explain mechanisms behind variation in abundance and assemblage of 
larval fish captured, we examined whether overall size of larvae differed among gear 
types. Analyses showed taxonomic-specific differences in mean standard length among 
gears in five out of eight groups. First, the similar size of Common Carp, Clupeidae, and 
Percidae between gears suggests no size selectivity by gears for these groups. This is 
consistent with other studies documenting similar sizes across gear types of several 
freshwater fish families (Claramunt et al. 2005). Catostomidae mean length was greater 
in both net types compared to light traps, potentially a resuJt of the wide range of larval 
sizes among genera within this family (Auer 1982). The greater mean length of BHC and 
Moronidae in push nets than drift nets supported our original hypothesis of push nets 
being able to capture more advanced larval stages. Similarly, I found push nets were the 
only net type able to capture late-stage BHC, while they were able to avoid the stationary 
drift nets with their strong swimming ability after gas bladder development (Chapman 
and George 2011 ). The greater mean lengths of Cyprinidae and Centrarchidae in light 
traps suggest the luring strategy of this gear is effective in capturing the advanced free­
swimming stages of these taxa. Similarly, quatrefoil light traps captured most species in a 
Kentucky stream, and were particularly effective for young-of-year cyprinids (Floyd et 
al. 1984). The size selectivity in light traps suggest they may be a useful tool in 
quantifying larval recruitment to later stages, rather than monitoring riverine fish 
reproduction as the nets were able to do effectively. Active push nets most effectively 
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sampled riverine larval fish communities across developmental stages, but the utility of a 
multi-gear study design to describe a variety of early life stage dynamics should not be 
overlooked. 
This study is one of the first to directly evaluate the efficiency of both active and 
passive ichthyoplankton sampling gears in riverine systems. We found differences in total 
catch, temporal abundance, community assemblages, and developmental stages of larval 
fish sampled among three gear types. Push nets most completely and accurately sampled 
drifting phases of larval fish in terms of total abundance, community assemblages, and 
developmental stages. Using several sampling gears offers the ability to inform a variety 
of research topics, such as patterns of reproduction coupled with recruitment dynamics of 
riverine fishes. Similar to overall gear evaluations, I found that gears were selective in 
sampling bigheaded carp in terms of abundance, size, and developmental stage. Again, 
push nets were the most effective for monitoring reproduction of this invasive species 
and its continued use in tributary habitats is recommended. Monitoring bigheaded carp in 
large river tributaries is extremely important because of their potential to invade similar 
habitats in the Great Lakes. Thus, information from this study can be used to more 
effectively monitor and implement early detection methods for these species at the 
leading edge of their range. 
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TABLES 
Table I .  I-Total counts and percent composition (%) of larval fish collected among 
three gear types (push net, drift net, light trap) and taxonomjc groups in three tributaries 
of the Illinois River (Mackinaw, Spoon, and Sangamon Rivers) and three tributaries of 
the Wabash River (Vermilion, Embarras, and Little Wabash Rivers) from March through 
s t b 2016 ep em er, 
Gear Push Net Drift Net Light Trap Taxa 
Taxa Count % Count % Count % Total % 
Catostomidae 769 30.5 536 55.5 80 2.6 1385 21.0 
Cyprinidae (native) 43 1.7 30 3.1 2905 93.6 2978 45.2 
Bigheaded carp 
(Hypophthalmichthys spp) 
1077 42.8 99 10.2 2 0.1 1 1 78 17.9 
Grass Carp 266 10.6 0 0.0 0 0.0 266 4.0 
Common Carp 56 2.2 53 5.5 4 0.1 1 13 1.7 
Moronjdae 48 1.9 41 4.2 2 0.1 91 1.4 
Centrarchidae 43 1 .7 27 2.8 45 1.5 1 1 5  1 .7 
Clupeidae 147 5.8 123 12.7 6 0.2 276 4.2 
Percidae 18 0.7 29 3.0 42 1.4 89 1 .4 
Sciaenidae 7 0.3 5 0.5 0 0.0 12 0.2 
Lepisosteidae l 0.0 0 0.0 2 0.1 3 0.0 
Aphredoderidae 0 0.0 3 0.3 3 0.1 6 0.1 
Unknown 43 1.7 20 2.1 1 1  0.4 74 1 . 1  
Gear Total 2518 100 966 100 3102 100 6586 100 
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Table 1.2-Permutational analysis of variance (PERMANOV A) testing the effect of gear 
type (n = 3), sampling month (n = 7), and their interaction on ichthyoplank:ton 
community assemblages sampled in three tributaries of the Illinois River (Mackinaw, 
Spoon, and Sangamon Rivers) and three tributaries of the Wabash River (Vermilion, 
Embarras, and Little Wabash Rivers) from March through September, 2016. Bolded P­
values and asterisks indicate significant effects. 
PERMANOV A Summary DF SS MS F R2 p 
Gear 2 6.179 3.09 1.33 0.08 <0.001 *  
Month 6 7.504 1.25 4.60 0.09 <0.001 * 
Gear* Month 10 10.576 1.06 3.88 0.14 <0.001 *  
Residuals 1 96 53.433 0.27 0.69 
Total 214 77.692 1 .00 
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Table 1.3--0ne-way analysis of variance (ANOV A) testing effect of gear type (n = 3) on 
mean standard length (mm) among taxa of larval fish collected in three tributaries of the 
Illinois River (Mackinaw, Spoon, and Sangamon Rivers) and three tributaries of the 
Wabash River (Vermilion, Embarras, and Little Wabash Rivers) from March through 
September, 2016. Bolded P-values and asterisks indicate significant effects. 
ANOV A Summaries DF SS MS F p 
Gear 2 0.253 0.127 7.087 0.001* 
Catostornidae 
Residuals 265 4.739 0.01 8  
Gear 1 0.005 0.005 1 .292 0.262 
Common Carp 
(Cyprinus carpio) Residuals 40 0.154 0.004 
Gear 2 0. 171  0.086 5.994 0.003* 
Centrarchidae 
Residuals 130 1.8560 0.014 
Gear 1 0.007 0.001 0.033 0.855 
Clupeidae 
Residuals 1 1 7  2.341 0.020 
Gear 2 0.588 0.294 23.97 <0.001 * 
Cyprinidae 
Residuals 250 3.064 0.012 
Bigheaded carp Gear 1 0.682 0.682 10.88 0.001 * 
( Hypophthalmichthys 
Residuals 124 7.775 0.063 spp.) 
Gear 1 0.134 0.134 6.765 0.0125* 
Moronidae 
Residuals 46 0.951 0.021 
Gear 2 0.009 0.005 0.341 0.713  
Percidae 
Residuals 63 0.909 0.014 
16 
Table 1.4--Two-way Analysis of variance (ANOV A) testing the effect of gear type (n = 
2), developmental stage (n = 3), and their interaction on log-transformed total abundance 
of bigheaded carps (Hypophthalmichthys spp.) sampled in three tributaries of the Illinois 
River (Mackinaw, Spoon, and Sangamon Rivers) and three tributaries of the Wabash 
River (Vermilion, Embarras, and Little Wabash Rivers) from March through September, 
2016. 
ANOV A Summary DF SS MS F p 
Gear l .233 1.233 4.672 0.037* 
Developmental Stage 2 3.974 1.987 7.526 0.002* 
Gear*Developmental Stage 0.022 0.022 0.082 0.776 
Residuals 36 9.504 0.264 
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Figure 1 . 1-Study area maps depicting study extent (top center), Illinois River 
Tributaries (bottom left, Mackinaw, Spoon, and Sangamon Rivers), and Wabash River 
Tributaries (bottom right. Vermilion, Embarras, and Little Wabash Rivers). Sampling 
locations located at the downstream end of each tributary indicated by solid grey circles. 
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DATE 
Figure I .2-Total mean catch per unit effort (CPUE ± SE) among three sampling gears 
(push net, drift net, light trap) of larval fish in three tributaries of the Illinois River 
(Mackinaw, Spoon, and Sangamon Rivers) and three tributaries of the Wabash River 
(Vermilion, Embarras, and Little Wabash Rivers) from March through September, 2016. 
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Figure 1 .3-Mean catch per unit effort (CPUE ± SE) of bigheaded carp 
(Hypophthalmichthys spp.) among sampling gears (push nets, drift nets) collected in three 
tributaries of the lllinois River (Mackinaw, Spoon, and Sangamon Rivers) and three 
tributaries of the Wabash River (Vermilion, Embarras, and Little Wabash Rivers) from 
March through September, 2016. 
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Figure 1 .4--Non-metric multi-dimensional scaling plot using Bray-Curtis dissimilarity 
matrix to examine differences in ichthyoplankton communjty assemblages collected in 
three tributaries of the Illinois River (Mackinaw, Spoon, and Sangamon Rivers) and three 
tributaries of the Wabash River (Vermilion, Embarras, and Little Wabash Rivers) from 
March through September, 2016. NMDS based on relative abundance (% total catch) 
between gear types and sampling months. Text abbreviations represent species scores of 
the njne most abundant families/genera samp.led in the study (CAT = Catostomidae, CAP 
= Common Carp, CEN = Centrarchidae, CLU = Clupeidae, CYP = Cyprinidae, GRC = 
Grass Carp, BHC = bigheaded carp (Hypophthalmichthys spp.), MOR = Moronidae, PER 
= Percidae). Site scores are represented as the mean score for each aggregation (month x 
gear type) with error bars representing the standard error of the mean. Sampling gears 
represented by triangles (push nets), circles (drift nets), and squares (light traps). 
Sampling month is represented by a gray scale color ramp from black (March) to wrute 
(September). 
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Figure 1 .5-Mean standard length (mm) by taxa (Cat = Catostomidae, CAP = Common 
Carp. CEN = Centrarchidae, CLU = Clupeidae, CYP = Cyprinidae, BHC = bigheaded 
carp (HypophthalmichLhys spp.), MOR = Moronidae, PER = Percidae) and gear type 
(push net = black, drift net = light grey, light trap= dark grey) oflarval fish collected in 
three tributaries of the Illinois River (Mackinaw, Spoon, and Sangamon Rivers) and three 
tributaries of the Wabash River (Vermilion, Embarras, and Little Wabash Rivers) from 
March through September of 201 6  in. Asterisks indicate significant differences in mean 
length between gear types. 
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Figure 1 .6-Log-transformed total abundance of bigheaded carp (BHC) 
(Hypophthalmichthys spp. ) between gear types (push nets, drift nets), and developmental 
stages (black = yolk-sac larvae, light grey = gas bladder emergent larvae, dark grey = late 
stage larvae) collected in three tributaries of the Illinois River (Mackinaw, Spoon, and 
Sangamon Rivers) and three tributaries of the Wabash River (Vermilion, Embarras, and 
Little Wabash Rivers) from March through September of2016. Error bars represent 
standard error of the mean. 
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SPATIOTEMPORAL PATTERNS AND ABIOTIC INFLUENCES IN BIGHEADED 
CARP REPRODUCTION IN TRIBUTARIES TO LARGE RIVERS 
ABSTRACT 
Silver Carp (Hypophthalmichthys molitrix) and Bighead Carp (H Nobilis), 
collectively bigheaded carp (BHC), are two invasive fishes threatening expansion into the 
Great Lakes. These species have spread throughout many large rivers in the United 
States, competing with native fishes, and altering food webs. While BHC reproduction 
has been examined previously, recently these species have exhibited plastic reproductive 
characteristics by spawning across a wide range of environmental and temporal ranges. 
There is limited information on their reproduction in tributaries and studies suggest the 
possibility in tributaries of the Great Lakes. I sought to describe spatiotemporal patterns 
of BHC reproduction in tributaries of the Wabash and Illinois Rivers, and identify abiotic 
influences. I collected ichthyoplank:ton in six tributaries of the Wabash and Illinois Rivers 
over a reproductive season. The Little Wabash and Embarras Rivers produced the most 
BHC eggs and larvae, with limited or zero detections in remaining tributaries. Discharge 
patterns among tributaries varied with Wabash River tributaries exhibiting patterns 
typical of free-flowing systems. Discharge and temperature were associated with BHC 
occurrence, supporting the importance of long free-flowing river reaches in their 
reproduction. However, reaches as short as 35 km can also support BHC reproduction, as 
documented in the Vermilion River. Reproduction of BHC varied between hydrologically 
disparate river basins and was more ubiquitous in the free-flowing Wabash River Basin. 
This study offers valuable information influences in BHC reproduction and can be used 
to allocate preventative efforts to areas most vulnerable to invasion. 
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INTRODUCTION 
The problem of invasive species is a significant threat to biodiversity worldwide 
and species introductions are occurring at unprecedented rates and over greater distances 
than ever before (Ricciardi 2015). Invasive species are distinct from introduced species in 
general by their potential to cause economic or environmental harm (U.S. Office of the 
Federal Register 1 993). Every year invasive species cost an estimated $ 1 20 billion to the 
United States economy (Pimentel et al. 2005) by deteriorating ecosystems and the 
services they provide (Charles and Dukes 2007). Aquatic invasive species, including 
invasive fishes, are particularly damaging to ecosystems. In the United States, over five 
hundred fishes have been introduced via numerous pathways; the two most common 
related to bait fish transportation and intentional release from aquaria (Courtenay 2007). 
The widespread issue of aquatic invasive fishes and their harmful effects stress the need 
for thorough investigation of driving factors of dispersal in their introduced ranges. 
The economic and environmental costs of invasive fishes are vast, requiring 
extensive mitigation and research efforts each year. For example, efforts to control the 
invasive Sea Lamprey (Petromyzon marinus) in the Great Lakes costs $ 1 0  million 
annually, just a fraction of potential costs if this species was left unregulated (U.S. 
Congress 1 993). Environmental effects of invasive fish species are numerous including 
competition with native species, niche displacement, hybridization, and predation, among 
others (Mooney and Cleland 2001 ). The Laurentian Great Lakes are highly vulnerable to 
species introductions because of their relatively young assemblage of biota (Mills et al. 
1 99 1).  A total of 162 non-indigenous species have been introduced to the Great lakes 
since the 1800's, most relatively recently with the opening of the St. Lawrence Seaway in 
1959 (Mills et al. 1 991,  Ricciardi 2001). Given that Great Lakes commercial and 
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recreational fisheries contribute $7 billion to the United States economy each year, this is 
an area with immense resources at stake (Stem et al. 2014). Prevention and control of 
invasive species in this area and surrounding ecosystems are imperative to preserve the 
health and sustainability of its fisheries, and the critical economic value they provide. 
Silver Carp (Hypophthalmichthys molitrix) and Bighead Carp (H Nobilis), 
collectively bigheaded carp (BHC), were first introduced into the United States in the 
1970's to control phytoplankton blooms in aquaculture ponds and sewage treatment 
plants in Arkansas (Freeze and Henderson 1982). Soon after their introduction, they 
escaped confinement and spread exponentially throughout the Mississippi River Basin 
and surrounding systems (Kolar et al. 2005). Bigheaded carp possess several traits that 
make them successful invaders, including high fecundity, fast growth rates (Garvey et al. 
2006), and the ability to disperse quickly over large distances (DeGrandchamp et al. 
2008). The primary diet of BHC are zooplankton and phytoplankton (Williamson and 
Garvey 2005), which are also the main forage for native planktivorous fishes and early 
life stages of nearly all fishes (Sampson et al. 2009). This dietary overlap results in 
potential competition with native fishes, and reduction of their physical condition (Irons 
et al. 2007). The deleterious ecological effects BHC pose emphasizes the need for 
continued research into their biology and potential control methods. 
Due to the high density of BHC in the Illinois River and its connection to the 
Great Lakes, several agencies (state and federal) and universities have been working 
together to research and control these species since the early 2000's. This includes early 
detection methods, eDNA monitoring, hydroacoustic abundance estimation, early life 
stage monitoring, state-contracted commercial fishing, and telemetry studies (MRP 
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2017). To prevent the spread of BHC into the Great Lakes, the U.S. Army Corps of 
Engineers installed the Electric Dispersal Barrier System in the Chicago Sanitary and 
Shipping Canal, which in conjunction with commercial harvest, has been successful at 
keeping BHC out of Lake Michigan (MacNamara et al. 2016, MRP 2017). In addition to 
the development of these control methods, investigating biological requirements for 
reproduction and subsequent range expansion has been a priority for mitigating negative 
effects of these species. 
Several studies have described reproductive characteristics of BHC in large rivers 
throughout the Midwestern United States, offering valuable insight into factors aiding in 
expansion of these species. Bigheaded carp are broadcast spawners; large aggregations of 
individuals release their gametes at the surface, which are subsequently fertilized and 
carried downstream in currents (Kolar et al. 2005, Chapman and Deters 2009). In the 
wild, successful reproduction requires water temperatures of at least 18° C coupled with 
large increases in river discharge (Abdusarnadov 1987, Schrank et al. 2001, 
DeGrandcharnp et al. 2007). Elevated discharge is thought to suspend the semi-buoyant 
BHC eggs in the water column until hatch, and a distance of 100 km of free-flowing river 
to keep eggs from settling in the benthos and perishing has been proposed (Gorbach and 
Krykhtin 1980, Kolar et al. 2005). Although this distance may be necessary in some 
systems under certain conditions, the validity of this reproductive requirement needs to 
be examined in areas where BHC are already established. 
In the Illinois River, variability in hydrological parameters (i.e. discharge and 
water temperature) between years is linked to year class strength (DeGrandcharnp et al. 
2007), resulting in a cyclic, pattern of reproduction. In the largely free-flowing Wabash 
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River, BHC have spawned in a variety of discharge levels, smaller channel widths, and 
across more seasons than previously documented within their introduced or native ranges 
(Coulter et al. 2013). This reproductive plasticity is thought to be advantageous in the 
expansion of these species in introduced ranges. Despite the plethora of information 
regarding BHC spawning and developmental requirements, ambiguity still exists as to the 
specific limiting factors of their reproduction. 
Predictive modeling is beginning to assess whether BHC could successfully 
reproduce in the Great Lakes, should they become established. Bioenergetics modeling 
suggests that BHC populations will most likely not be supported in great abundance in 
pelagic zones of these water bodies; however, connected tributaries and wetlands may 
contain sufficient resources to do so (Cooke and Hill 201 0). Tributaries of Lake Erie and 
Lake Michigan are also suggested to have adequate hydraulic and water quality 
conditions to support BHC spawning and development (Kocovsky et al. 201 2, Murphy 
and Jackson 2013). Furthermore, comparison of egg developmental rates with the 
hydrology of Great Lakes tributaries has suggested that river distances as short as 25 
kilometers may be adequate for successful egg hatching (Murphy and Jackson 2013). 
Under these assumptions, the potential reproductive range of BHC in the Great Lakes 
could be vast. Although predictive models are useful tools, they are only as strong as 
assumptions on which they are based, which require verified field data. 
Although extensive information regarding reproduction of wild BHC populations 
in large rivers exists, this information is limited for tributaries that feed into these larger 
systems. Tributary confluences have been associated with BHC reproduction and early 
development, but no published studies have examined potential reproduction along the 
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entire gradient of large river tributaries (Schrank et al. 2001, Morgeson 2015). We 
monitored the abundance of early life stages of BHC along the gradients of major 
tributaries of the Illinois and Wabash Rivers. The Illinois River is a heavily modified 
system with a series of seven impoundments along its length, whereas the Wabash River 
is largely free-flowing, resulting in more natural hydrology and channel morphology. 
Furthermore, adult BHC populations in these systems are distinct, with substantial 
differences in density, body size, and physical condition between the two basins (Stuck et 
al. 2015). The dichotomy between systems allows investigation ofBHC reproduction 
over a broad array of habitats and conditions, potentially building upon current 
knowledge regarding reproduction of these species in their introduced ranges. 
The goals of this study are to describe spatial and temporal patterns in BHC early 
life stage abundance within and among six large river tributaries throughout the 
reproductive season. Additionally, I seek to identify abiotic influences in BHC 
reproduction within these systems. I expect longer tributaries with relatively high average 
discharge to be the most supportive of BHC reproduction. I hypothesize the highest 
abundance of BHC larvae and eggs will be collected at downstream sites, due to greater 
distances of free-flowing river upstream and higher chances of survival. I expect BHC 
reproduction and early life stage abundance to be driven by temperature, stream velocity, 
and river discharge. Results of this study will be applicable to areas where BHC are 
already established and provide insight to the likelihood of their establishment into new 
areas, such as Great Lakes tributaries. 
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METHODS 
Study Area 
Three tributaries of the Illinois (Mackinaw, Spoon, and Sangamon Rivers) and 
Wabash Rivers (Vermilion, Embarras, and Little Wabash Rivers) were sampled bi­
weekly from March through September of2016 for a total of 13 sampling periods (Figure 
2.1 ;  Table 2. 1 ). Each river was sampled at three sites along its length (upper, middle, 
lower) chosen for accessibility and coverage from the confluence up to any major 
impoundment. Exact location of lower sampling sites was adjusted during each sampling 
event within the lower three kilometers of each tributary, above any hydrological 
influence of the Wabash River or Illinois River. This ensured ichthyoplankton sampled at 
this location originated in the tributary. Three of the study rivers (Spoon, Vermilion, and 
Little Wabash) contain low-head dams within the study extent that become inundated 
during high discharge events; three have large impoundments upstream of sampling sites 
(Embarras, Little Wabash, and Sangamon); the Mackinaw River lacks any artificial 
impoundments along its length (Table 2.2). 
Jchthyoplankton Sampling 
Larval fish and eggs were collected using two ichthyoplankton nets, one active 
net (moving) and one passive net (stationary). A conical ichthyoplankton push net (0.5m 
diameter x 3m length, 500µm mesh, Wildlife Supply Company, Yulee, FL) mounted on 
the bow of a boat was pushed in an upstream direction for a period of five minutes, with 
one transect near each shoreline and one in the center of the channel. Boat velocity was 
adjusted to account for variation in stream velocity to filter a target volume of 50 cubic 
meters of water, estimated with a mechanical flow meter mounted in the mouth of the net 
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(model 2030 R, General Oceanics, Inc., Miami FL). Rectangular-mouthed passive stream 
drift nets (0.45m width x 0.25m height x l m length, 500µm mesh, Aquatic Research 
Instruments, Hope, ID) were anchored in the streambed and held afloat just below the 
water surface with buoys attached to the top two comers of the net frame. Similar to the 
push nets, one net was deployed in each cross-sectional third of the river channel and the 
duration of sample collection was adjusted for water flow and debris accumulation in the 
nets ( 10  - 89 min). Total sample duration (seconds), and stream velocity (mis) at the 
mouth of the net was recorded for each drift net deployment. Push net samples were only 
used at lower sites where large-boat access required for the gear existed, whereas drift 
nets were used at all sites. 
Abiotic Data 
A suite of abiotic data was collected during each sampling event including stream 
velocity (mis), dissolved oxygen (mg/L), temperature (°C), conductivity (µSiem), pH, 
secchi depth (cm), stream width (yards), and depth (feet). Additionally, mean daily river 
discharge (m3/s) was compiled from the nearest USGS Gauging Station, and standardized 
as the proportion of the maximum daily value ever recorded at that location: 
S d diz d d. h _ Mean daily discharge tan ar e isc arge - . d .1 d. h Maximum mean a1 y 1sc arge 
Standardized discharge was used to reduce potential confounding effects of river size 
when incorporating discharge as an independent variable in statistical models. Where 
available from Illinois EPA managed gauges; maximum, minimum, and mean daily water 
temperature (°C) was compiled from January 151 through September 28th, 2016. These 
data were used to calculate Cumulative Growing Degree Days (CGDD) as maximum plus 
minimum daily temperatures divided by two minus a base temperature of 10° C, summed 
34 
for all days of the year prior to sampling date: 
CODD = L(
(Max daily temperature+ Min daily temperature) _ 100) 
2 
Growing degree days have been shown to be predictive of the thermal requirements of 
BHC reproduction (Coulter et al. 2015), and a base temperature of I 0°C offered the 
greatest predictive power within statistical models based on R2 model values. 
Laboratory Techniques 
Larval fish and eggs were preserved in 95% ethanol and brought back to the 
laboratory where they were sorted from detritus within the sample. Larval fish were 
identified to the family level using meristic and morphometric characteristics described in 
published identification keys (Auer 1982, Chapman 2006). Cyprinids with characteristics 
similar to Asian carp were further identified to genus according to Chapman et al. 2006. 
Eggs larger than 3mm in diameter with characteristics similar to Asian carps were 
identified and sorted with the aid of descriptions and figures in literature (Chapman 2006, 
Chapman and George 201 1). Subsamples of suspected BHC eggs and larvae were sent to 
United States Fish and Wildlife Service Whitney Genetics Lab in Onalaska Wisconsin for 
genetic confirmation. 
Statistical Analysis 
Catch per unit effort (CPUE) for push nets and drift nets was calculated as fish 
per cubic meter of water filtered (fish/m3). Water volume filtered for push nets was 
estimated by mechanical flow meters, and for drift nets was calculated as the cross-
sectional area of the net mouth, multiplied by the flow velocity, and the total number of 
seconds in which the net was deployed. To examine trends in BHC abundance by gear 
35 
type through time, total mean CPUE was calculated for larvae and eggs among sampling 
periods and gear types. 
Spatial effects on abiotic data were assessed using univariate Repeated Measures 
Analysis of Variance (RMANOV A) with data collected at lower tributary sites. The 
abiotic factor being tested was the dependent variable, while tributary ( n=6) and an error 
term incorporating the sampling period (n=l 3) as the subject were independent variables. 
Pearson's Product Moment Correlations were used to compare hydrological and thermal 
patterns between tributaries. Mean daily discharge (ft3/s) and mean daily temperature 
(°C) (where available) were used in correlation analyses. Confidence levels were 
Bonferroni corrected according to the number of comparisons in each respective analysis. 
Due to non-normal and zero-inflated BHC catch data, logistic regression was used 
to test for effects of abiotic parameters on the presence or absence (0/1)  of BHC larvae 
and eggs within samples. One set of models used parameters measured on site as 
independent variables, and separate models incorporated standardized discharge and 
CODD derived from USGS and Illinois EPA gauges. To increase statistical power and 
reduce zero-inflation, logistic models only incorporated data from sites with the greatest 
number of larval BHC and eggs present (Little Wabash and Embarras, Lower and Middle 
Sites). Best models were determined using forward model selection followed by analysis 
of Variance Inflation Factors (VIFs) to assess multicollinearity between independent 
variables. Factors with VIF>2.0 were removed from the final models to increase 
reliability of coefficient estimates. Likelihood Ratio Tests (LRTs) were used to compare 
whether final models significantly differed from null models, and significance was 
assessed at a =  0.05. 
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RESULTS 
Bigheaded Carp Larval Abundance 
Effort consisted of 231 push net samples for 1 1, 191  m3 of water filtered and 675 
drift net samples for 85,059m3 of water filtered (Table 2.3). Genetic analysis of BHC 
larvae determined 100% of subsamples were bigheaded carp larvae (Silver and Bighead 
Carps). A total of 1235 larval BHC was collected throughout the course of sampling; the 
Little Wabash (N == 1 020) and Embarras Rivers (N==203) produced the greatest number of 
larvae (Table 2.4); the remaining four tributaries produced less than 2% of the remaining 
larval BHC catch. The majority ofBHC larvae were detected in lower sites of tributaries 
where they were present, with the exception of the Little Wabash River where they were 
collected at the middle and lower sites. Push nets sampled more BHC larvae (N = I 077) 
than drift nets (N = 1 58; Table 2.4). Catch per unit effort reflected patterns seen in total 
counts of BHC larvae across tributaries and site locations. The Little Wabash yielded the 
greatest mean CPUE, followed by the Embarras, Sangamon, and Vermilion. Catch per 
unit effort was variable through time, with greatest peaks in the Little Wabash during 
August and September for drift nets and push nets, respectively (Figure 2.2). Similarly, 
the Embarras had peaks in period August for both gear types, while the Vermilion and 
Sangamon had peaks in periods July and September, respectively (Figure 2.2). 
Bigheaded Carp Egg Abundance 
Genetic analysis of suspected bigheaded carp eggs determined 71 % were 
bigheaded carp (Silver and Bighead Carps). 14% were Grass Carp (Ctenophmyngodon 
idella), 14% were native cyprinids in the genus Macrhybopsis, and I %  failed to amplify. 
A total of 1 447 BHC eggs was collected throughout the course of sampling: the Embarras 
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(N = 982) and Little Wabash Rivers (N = 45 1 )  yielded the greatest numbers of eggs, the 
Vermilion (N = 7) and Mackinaw Rivers (N = 7) yielded very few BHC eggs, and no 
BHC eggs were collected in the Spoon or Sangamon Rivers (Table 2.5). Although the 
majority of eggs were collected in the lower sites of tributaries where present, they were 
also found at the middle Little Wabash (N = 1 1 7; km 5 1 )  and middle Mackinaw (N = 2; 
km 82) sites. Push nets (N = 856) collected more BHC eggs than drift nets (N = 591; 
Table 2.5). Patterns of CPUE ofBHC eggs followed those of total larval abundance 
across tributaries and time periods. Mean egg CPUE was greatest in the Embarras and 
Little Wabash Rivers, followed by the Vermilion and Mackinaw Rivers (Figure 2.3). Egg 
CPUE varied temporally and was skewed towards large samples with large standard 
errors among time periods. The Embarras and Little Wabash Rivers reached maximum 
BHC egg CPUE during August for both gear types. BHC eggs were only detected in the 
Vermilion River on July 1 9th, and in the Mackinaw river on May 30th and May 3 1st . 
Abiotic Influences in BHC Reproduction 
No significant differences between tributaries and time periods for water 
temperature, dissolved oxygen, conductivity, secchi depth, and stream velocity were 
detected in RMANOVA models. The remaining abiotic variables were significantly 
different among tributaries including gauge height (F(5,5) = 6.27, p < 0.001), pH (F(5,5) = 
8.06, p < 0.001), stream width (Fc5,5)= 13 . 1 ,  p < 0.001), and depth (F(5,5)= 6.09, p = 
0.00 1 ;  Figure 2.4). 
Significant differences existed in mean daily discharge patterns for five out of 
fifteen of Pearson's Correlation tests (Table 2.6). Patterns in the Little Wabash River 
were not significantly correlated to those of the Vermilion, Mackinaw, or Spoon Rivers; 
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while the Embarras was not significantly correlated to the Mackinaw or Spoon. Mean 
discharge (m3/s) during the study period was highest for the Little Wabash (3856.9 ± 
246.7 SE) and Sangamon (3835. l ± 145.4 SE), intermediate for the Embarras (2165.4 ± 
172.0 SE), and lowest for the Vermilion ( 1 1 8 1 . 1  ± 87.4 SE), Spoon (1070.6 ± 59.0 SE) 
and Mackinaw (959.5 ± 62.2 SE). Illinois River tributaries displayed peaks in discharge 
that were relatively sharp and short lived, while base flows were relatively stable and 
rarely approached zero (Figure 2.5). Wabash River tributaries also showed very sharp 
rises in discharge; however, these peaks subsisted for longer durations of time relative to 
the Illinois River Tributaries. Furthermore, Wabash River tributaries did not show stable 
minimum discharge levels, falling near zero several times throughout the study. Mean 
daily water temperature was significantly correlated between all comparisons made for 
the Illinois River main stem at Havana, Vermilion, Embarras, and Little Wabash (Table 
2.7). Overall patterns of daily mean temperature were similar between systems; however, 
the JlJjnois River showed a more buffered pattern throughout the study (Figure 2.6). 
Logistic regression revealed abiotic site data and gauge data as significant drivers 
of the presence of BHC larvae and eggs (Table 2.8). Conductivity was negatively 
associated with bighead carp presence across all gears and life stages, dissolved oxygen 
was negatively associated with BHC eggs and larvae presence within push net samples, 
while pH was negatively associated with larval BHC presence in drift net samples. The 
only site variables that were positively tied to BHC presence were water temperature and 
flow velocity for larvae in push net samples and eggs, respectively. Common across all 
regression models was the positive influence of both standardized discharge and CGDD 
on the presence of BHC larvae and eggs in both gear types. Influence of these variables 
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were strongest for drift net larvae and eggs, with greater R2 values compared to that of 
push net larvae. 
DISCUSSION 
My study represents the most extensive investigation of bigheaded carp 
reproduction in tributaries to large rivers. Overall, this study provides direct evidence of 
BHC reproduction in tributaries to large rivers within their introduced ranges. In addition, 
the abiotic and habitat drivers of reproduction I documented largely support published 
information, but also offer new insight into factors that limit or promote propagation of 
these species. 
Distinct spatial patterns in BHC reproduction existed within and among 
tributaries. First, the prevalence of BHC reproduction in lower reaches of tributaries is 
consistent with studies demonstrating the association of BHC early life stages with 
tributary confluence areas (Schrank et al. 2001, Morgeson 2015). However, my results 
suggest that collections of young BHC in confluence areas in previous studies may be 
sourced from tributary-spawning adults, as well as those in main-stem habitats. 
Furthermore, BHC eggs were found over 80 kilometers from the mouth of the Mackinaw 
River, showing that spawning can extend further upstream in tributaries than previously 
documented (Schrank et al. 2001, Deters et al. 2013). The Little Wabash and Embarras 
Rivers, systems with high discharge and little influence of impoundments, supported 
more BHC reproduction than other tributaries. These results support evidence that rivers 
with long free-flowing reaches facilitate successful reproduction of BHC (Coulter et al. 
2013, Murphy and Jackson 2013), therefore they should be focused on when 
investigating potentially invaded habitats. However, successful reproduction is possible 
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in reaches with as little as 35 kilometers of free-flowing river, as observed with the 
capture of BHC larvae and eggs in the lower Vermilion River. Therefore, free-flowing 
river length may play a role in BHC reproductive success, but other hydrological factors 
(e.g. discharge patterns, temperature regimes) are more influential. 
In tributaries where BHC reproduction occurred, patterns in presence and 
abundance were generally linked, with captures of large numbers of larvae and eggs in 
discrete events. These patterns are consistent with the high fecundity (Garvey et al. 
2006), broadcast spawning strategy (Chapman and Deters 2009), and discrete yet variable 
temporal patterns of larval production of these species within and between years 
(DeGrandchamp et al. 2007). Furthermore, collections of BHC eggs in late August and 
larvae as late as September support the protracted occurrence of spawning that is thought 
to aid in the expansion of these species (Coulter et al. 2013). Overall, my observation of 
cyclic reproductive pattern of these invasive species within a reproductive season offers 
valuable insight into factors aiding in their success in introduced ranges. 
The spatial and temporal variation in BHC reproduction observed has 
implications of how these species respond to river systems with disparate hydrology. 
Bigheaded carp reproduction occurred in large events several times in Wabash River 
tributaries in contrast to the Illinois River. This suggests the behavioral plasticity in 
reproductive strategies in the Wabash is ubiquitous throughout the system, including its 
tributaries. I hypothesize that the impoundments and pooling effect of the main-stem 
Illinois River influence the tributaries enough to limit BHC reproduction within them 
during certain years or lowers the success of embryos if spawning occurs. These patterns 
are consistent with BHC reproductive behaviors in their native China, where several large 
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impoundments on the Yangtze River limit suitable spawning locations to few, discrete 
main-channel sites (Yi et al. 2010). This is not to say that BHC do not reproduce in the 
Illinois River Basin, because there is considerable annual variation within this system and 
some spawning did occur in the main-stem in 2016 (DeGrandchamp et al. 2007, MRP 
2017). It appears that the free-flowing hydrology of the Wabash River is more likely to 
favor BHC reproduction spatially and temporally, whereas suitable spawning locations in 
the Illinois River may be confined to the main-stem during flooding events. 
Bigheaded carp early life stage occurrence is dependent on hydrological variables 
including temperature, discharge, and stream velocity. The abiotic conditions in which 
BHC early life stages occurred closely match those cited by Kolar et al. (2005) with 
temperatures ranging from 1 8. 1 -29 .0 °C, average secchi depth of 1 7  cm, and maximum 
stream velocity of l .9m/s. No studies describe the effects of additional hydrological 
variables (dissolved oxygen, conductivity, pH) on BHC reproduction so explanation of 
these results is unclear. Due to the highly dynamic nature of physical and chemical 
conditions in rivers, many of these variables are strongly inter-correlated. Thus, my 
model selection process may have identified factors correlated with but not necessarily 
influencing BHC reproduction. Continuous measures of abiotic data better predict 
reproductive behavior of fish over wide temporal and spatial scales compared to 
instantaneous site data (Torgersen et al. 1999, Chezik et al. 2014). Therefore, models 
incorporating standardized discharge and CGDD likely more accurately describe abiotic 
predictors of BHC reproduction. These models showed positive influences of both 
increased discharge and temperature, consistent with many studies describing 
reproductive characteristics of these species (Schrank et al. 2001 ,  Kolar et al. 2005, 
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DeGrandchamp et al. 2007). Cumulative growing degree day proved to be a significant 
factor in BHC reproduction, but standardized discharge had a much stronger influence. 
Therefore, temperature is a requirement for the onset of spawning in spring, but peaks in 
discharge likely regulate spawning activity throughout the remainder of year. The strong 
effect of discharge substantiates the hypothesis that variation in hydrology between 
tributaries and river basins dictates how supportive a system can be of BHC reproduction. 
We document reproduction of BHC within their introduced range and offer an 
important comparison to recent predictive modelling studies. Kocovsky et al. (2012) 
suggested Lake Erie tributaries could support BHC reproduction based on temperature 
and hydrological regimes. They indicated that tributaries with the longest free-flowing 
reaches ( 128-2 1 0  km) with high frequency and magnitude of flooding are most likely to 
support successful BHC reproduction. However, they excluded a tributary because it 
contained impoundments within the lower 37 kilometers of its length. Our results largely 
support these findings, however the capture of BHC eggs and larvae in the lower 
Vermilion River site suggests a river distance of 35 kilometers is sufficient for successful 
BHC reproduction. Although knowing BHC larvae were spawned below the low-head 
Danville Darn cannot be determined with complete certainty, the absence of any larvae or 
eggs in samples taken at middle and upper sites suggest no spawning occurred upstream 
of this impoundment. In addition, no adult BHC have been detected upstream of the 
Danville Dam in recent community sampling in the Vermilion River (Hastings 2014, 
Smith 2016). Murphy and Jackson (2013)  also developed comprehensive models 
including a suite of environmental variables and egg transport dynamics in four Great 
Lakes tributaries to predict the potential of BHC reproduction. Sufficient hydrological 
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characteristics outside of settling zones existed to support BHC egg hatching, potentially 
in as little as 25 kilometers of open river. My results support findings that tributaries with 
long free-flowing reaches with frequent elevated discharge events best support BHC 
reproduction; yet I also suggest it is possible in rivers with relatively short reaches of 
open river which should not be overlooked. 
Understanding reproduction of wild populations of invasive fish species within 
their introduced range across wide spatial, temporal, and environmental scales is critical. 
Distinct patterns of BHC reproduction occurred within and among tributaries, and over 
the course of a reproductive season. At a larger scale, BHC reproduction contrasted 
between two river basins, each with distinct hydrological characteristics. Bigheaded are 
able to adjust reproductive behaviors in response to variation in habitat conditions to 
increase their propagation success in novel environments. The cyclic pattern of BHC 
reproduction throughout their introduced range suggests the possibility that continued 
monitoring in these systems could yield different results in future years. Long-term data 
that informs how these invasive fishes behave in novel environments is needed to reduce 
annual variability. Our results support suggestions that Great Lakes tributaries could 
support BHC reproduction, and the reproductive range in this area could be greater than 
previously predicted. 
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TABLES 
Table 2.1-Ichthyoplankton sampling sites including river kilometers from confluence, 
and stream order among three tributaries of the Illinois River (Mackinaw, Spoon, and 
Sangamon Rivers) and three tributaries of the Wabash River (Vermilion, Embarras, and 
Little Wabash Riversl samEled from March throu� SeEtember2 2016. 
River Basin Tributary Site River km Stream Order 
Upper 37 5 
Vermilion Middle 19  6 
Lower < 3  6 
Upper 193 6 
Wabash Embarras Middle 146 6 
Lower < 3  6 
Upper 357 4 
Little Wabash Middle 5 1  7 
Lower < 3  7 
Upper 122 5 
Mackinaw Middle 82 6 
Lower < 3  6 
Upper 1 1 3 5 
Illinois Spoon Middle 61  6 
Lower < 3  6 
Upper 208 5 
Sangamon Middle 137 5 
Lower < 3  7 
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Table 2.2-Major artificial impoundments on study tributaries including type/purpose, 
distance to mouth (km) and height (feet) among three tributaries of the Illinois River 
(Mackinaw, Spoon, and Sangamon ruvers) and three tributaries of the Wabash River 
(Vermilion, Embarras, and Little Wabash ruvers) sampled from March through 
September, 2016. 
River Tributary Dam Type/Purpose Distance to Height( ft) Basin mouth (km) 
Vermilion Danville Low-head 35.4 1 1  
Embarras Lake Water Supply 194.4 29 
Charleston 
Wabash Carmi Water Supply 52.3 < 7  
Little Effingham Water Supply 320.7 1 3  
Wabash Lake Mattoon Water Supply 360.5 46 
Lake Paradise Water Supply 371 . 1  46 
Mackinaw None NA NA NA 
Illinois Sangamon Lake Decatur Water Supply 210.3 33 
Spoon Bernadotte Water Supply 43.7 1 2  
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Table 2.3- Effort summary including number (N) of deployments of two gear types 
(push net, drift net), and total effort expended (m3 or minutes) among three tributaries of 
the Illinois River (Mackinaw, Spoon, and Sangamon Rivers) and three tributaries of the 
Wabash River (Vermilion, Embarras, and Little Wabash Rivers) sampled from March 
through September, 2016. 
Push Net Drift Net 
Tributary 
N (ml
) N (ml
) 
Vermilion 39 ( 1 777.2) 1 1 1  ( 1 1 970.7) 
Embarras 39 ( 1 899.3) 1 1 4  ( 1 1705 . 1 )  
Little Wabash 39 (2044.9) 99 ( 10213 . 1 )  
Mackinaw 36 (1 690.2) 1 1 7 ( 1 7 1 05.5) 
Spoon 39 ( 1 854.6) 1 1 7  ( 1 5995.3) 
Sangamon 39 ( 1 924.9) 1 1 7  ( 1 8069.5) 
Total 231 ( 1 1 1 9 1 . l )  675 (85059.2) 
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Table 2.4-- Counts of BHC larvae collected among, site locations (lower, middle, 
upper), gear types (push net, drift net) and three tributaries of the Illinois River 
(Mackinaw, Spoon, and Sangamon Rivers) and three tributaries of the Wabash River 
(Vermilion, Embarras, and Little Wabash Rivers) sampled from March through 
September, 2016. 
Tributary Site Push Net Drift Net Total 
Lower 3 4 
Midstream NA 0 0 
Vermilion 
Upper NA 0 0 
Total 3 1 4 
Lower 145 58 203 
Midstream NA 0 0 
Embarras 
Upper NA 0 0 
Total 145 58 203 
Lower 9 1 7  40 957 
Midstream NA 59 59 
Little Wabash 
Upper NA 0 0 
Total 917 99 1016 
Lower 0 0 0 
Midstream NA 0 0 
Mackinaw 
Upper NA 0 0 
Total 0 0 0 
Lower 0 0 0 
Midstream NA 0 0 
Spoon 
Upper NA 0 0 
Total 0 0 0 
Lower 12 0 12 
Midstream NA 0 0 
Sangamon 
Upper NA 0 0 
Total 12 0 12 
Grand Total 1077 158 1235 
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Table 2.5- Counts of BHC eggs collected among site locations (lower, middle, upper), 
gear types (push net, drift net) and three tributaries of the Illinois River (Mackinaw, 
Spoon, and Sangamon Rivers) and three tributaries of the Wabash River (Vermilion, 
Embarras, and Little Wabash Rivers) sampled from March through September, 2016. 
Tributary Site Push Net Drift Net TotaJ 
Lower 7 0 7 
Midstream NA 0 0 
Vermilion 
Upper NA 0 0 
Total 7 0 7 
Lower 732 250 982 
Midstream NA 0 0 
Embarras 
Upper NA 0 0 
Total 732 250 982 
Lower 1 1 7 2 1 7  334 
Midstream NA 1 1 7 1 1 7 
Little Wabash 
Upper NA 0 0 
Total 117 334 451 
Lower 0 5 5 
Midstream NA 2 0 
Mackinaw 
Upper NA 0 0 
Total 0 7 7 
Lower 0 0 0 
Midstream NA 0 0 
Spoon 
Upper NA 0 0 
Total 0 0 0 
Lower 0 0 0 
Midstream NA 0 0 
Sangamon 
Upper NA 0 0 
Total 0 0 0 
Grand Total 856 591 1447 
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Table 2.6-Pearson's Product Moment Correlations of mean daily discharge (m3/s) 
among three tributaries of the Illinois River (Mackinaw, Spoon, and Sangamon Rivers) 
and three tributaries of the Wabash River (Vermilion, Embarras, and Little Wabash 
Rivers) March through September, 2016. Bolded R values indicate significant differences 
according to Bonferroni corrected alpha levels (a = 0.05115 = 0.003). 
River Embarras Little Mackinaw Spoon Sangamon Wabash 
Vermilion 0.38 0. 17  0.41 0.31 0.47 
Embarras 0.48 0.003 0.06 0.45 
Little Wabash 0.13 0.04 0.33 
Mackinaw 0.70 0.59 
Spoon 0.36 
so 
Table 2. 7- Pearson's Product Moment Correlations of mean daily water temperature 
(°C) among Vermilion, Embarras, Little Wabash, and Illinois River main stem from 
March 28th through September 28th, 2016. Bolded R values indicate significant 
differences according to Bonferroni corrected alpha levels (a = 0.0516 = 0.008). 
River Embarras 
Vermilion 0.98 
Embarras 
Little Wabash 
Little Wabash 
0.97 
0.99 
5 1  
I L  River (Havana) 
0.97 
0.97 
0.97 
Table 2.8----Results of logistic regression models testing the effects of abiotic site and 
gauge data on the presence of Bigheaded carp larvae and eggs in push net and drift net 
samples in the Little Wabash and Embarras Rivers sampled from March through 
September, 2016. Models were deemed significant at an alpha level of 0.05. 
Dependent Model Term 
Coefficient Rz 
Variable (expp) 
p 
Dissolved 0.2908 0.45 <0.001 
Oxygen 
Site Data Conductivity 0.9902 
Larval Presence Water 1.053 
(push net) Temperature 
Standardized 3 . 10  x 107 0.30 <0.001 
Gauge Data Discharge 
CGDD 1 .0014 
Site Data 
Conductivity 0.9591 0.50 <0.001 
Larval Presence 
pH 0.0002 
(drift net) Standardized 1 .27 x 101 1  0.35 <0.001 
Gauge Data Discharge 
CGDD 1 .0001 
Conductivity 0.9808 0.41 <0.001 
Site Data Stream Velocity 9.3125 
Dissolved 0.8066 
Egg Presence Oxygen 
Standardized 2.66 x 1015 0.51 <0.001 
Gauge Data Discharge 
CGDD 1 .0004 
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FIGURES 
Lmle Wabash R 
0 150 300 km 
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•Sampling Sites 
Figure 2.1- Study area maps depicting study extent (top center), Illinois River 
Tributaries (bottom left Mackinaw, Spoon, and Sangamon Rivers), and Wabash River 
Tributaries (bottom right, Vermilion, Embarras, and Little Wabash Rivers). Three 
sampling locations per tributary indicated by solid grey circles. 
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Figure 2.2-Mean catch per unit effort (CPUE ± SE) of BHC larvae in push net samples 
(top), drift net samples (bottom), among Wabash River tributaries (left), and Illinois 
River tributaries (right) sampled from March through September, 2016. 
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Figure 2.4- Mean physical water parameters measured at lower sites among Wabash 
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hydro graph. 
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with bigheaded carp collection dates represented by stars on the temperature plot. 
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